transition stage of ameloblast differentiation. These results suggest that transitional ameloblasts, located between secretory-and maturation-stage ameloblasts, are most sensitive to the effects of a single high dose of F. F-induced cysts formed earlier at the pre-secretory stage were not correlated to either white spots or enamel pits, suggesting that damaged ameloblasts overlying a F-induced cyst regenerate and continue to form enamel. Copyright © 2012 S. Karger AG, Basel Excessive intake of fluoride (F) during dental development results in the formation of mineralization defects in the enamel [Fejerskov et al., 1977 [Fejerskov et al., , 1994 Ishii and Suckling, 1986; DenBesten, 1999; Hong et al., 2006; DenBesten and Li, 2011] . These changes vary from formation of white opaque lines and small chalk-white areas consisting of subsurface porosities to extensive surface depressions, grooves and multiple pits. How these more severe defects are formed is unclear. Some investigators have suggested that the formation of hypoplastic pits is due to the loss of late secretory ameloblast function [Kierdorf et al., 2004] . Others have hypothesized that pit formation is a post-eruptive event resulting from me-
chanical damage of the intact surface layer, followed by erosion of the porous sub-subsurface layer when teeth become functional [Thylstrup and Fejerskov, 1978; Fejerskov et al., 1994] .
Numerous studies, including ours, have shown that a single F dose injected into rodents induce dose-dependent changes in the enamel organ and forming enamel [Kruger, 1970; Walton and Eisenman, 1974; Mornstad and Hammarström, 1978; Lyaruu et al., 1989; review: Bronckers et al., 2009] . At 10-20 mg NaF/kg body weight (b.w.), ameloblasts can detach from the enamel surface and form sub-ameloblastic cysts on top of the forming enamel [Mornstad and Hammarström, 1978; Nordlund and Lindskog, 1986; Lyaruu et al., 1989 Lyaruu et al., , 2006 Lyaruu et al., , 2011 Prostak and Skobe, 1996] . A higher F dose of 60 mg NaF/kg results in the entire layer of secretory ameloblasts detaching from the enamel surface .
We found that when hamster pups were injected with 20 mg NaF/kg b.w., cysts form preferentially under both early and late secretory ameloblasts [Lyaruu et al., 2006 [Lyaruu et al., , 2011 . Sub-ameloblastic cysts, including a detached but intact ameloblast layer, developed as early as 1 h after injection and reached an average number of almost 4 cysts formed per molar at 16 h. However, all sub-ameloblastic cysts disappeared by day 3 after injection [Lyaruu et al., 2011] , and newly formed ameloblasts overlying the enamel surface where the cysts had formed were undistinguishable from normal ameloblasts. When the molars were allowed to erupt, 8 days after injection, white spots were present on the enamel surface at the location where cysts formed under late secretory ameloblasts. However, the enamel surface of the white spots was intact and depressions or pits were not found.
In the present study, we tested the hypothesis that pit formation can occur pre-eruptively at higher doses of F. We used the hamster molar model to examine how many cysts were formed before eruption and how many white spots and pits could be seen just after eruption of the teeth into the oral cavity. We correlated the location of the enamel surface to the stage of ameloblast formation when F was administered, to determine the stage of ameloblasts most sensitive to acute F exposure.
Materials and Methods

Animals and Tissues
Fourteen hamster pups, 4 days old (4-5 g b.w.), were divided into two groups consisting of 7 pups each. The first group received a single subcutaneous injection of 20 mg NaF/kg b.w. (9 mg F/kg b.w.) dissolved in 20 l distilled water per gram body weight (n = 4) or equimolar NaCl (n = 3) serving as controls. The second group received a dose of 40 mg NaF/kg (18 mg F/kg b.w.) (n = 4) or NaCl in control pups (n = 3). After injection, pups were returned to their mothers. One day after injection, the pups were sacrificed, and jaws were dissected out and fixed for 24 h in 5% paraformaldehyde in 0.1 M phosphate buffer pH 7.4 and 2% sucrose.
In a separate experiment that aimed to examine the effect of cysts on the final structure of enamel, 14 pups were injected with F (20 or 40 mg NaF/kg b.w., each n = 4) or an equimolar amount of Cl -(NaCl, n = 3, each group) at day 4 and were returned to their respective mothers for 8 days to allow eruption of the first molars into the oral cavity. All procedures were approved and performed by the Animal Care Committee of the Vrije Universiteit in accordance with national guidelines.
Histological Processing
A total of 3 hemi-mandibles from different pups injected with 20 mg NaF/kg b.w. and 3 from control pups (NaCl) were dehydrated in ethanol and embedded undecalcified in Historesin (Leica, Microsystems, Mannheim, Germany). Serial sagittal sections, 5 m thick, through the entire first and second molars were made with stainless steel knives using a Reichert-Jung K (Leica, Microsystems) heavy duty microtome. An average of 80 glass slides was collected per hemi-mandible, with each slide containing 4-6 tissue sections. Any missing sections were recorded and accounted for. Every 10th slide was stained with hematoxylineosin (HE), and every 11th with toluidine blue in (0.1%) borax.
Histomorphometry of Sub-Ameloblastic Cysts in Pre-Eruptive
Stages HE-stained sections (every 10th slide) were analyzed to determine the number and approximate position of each cyst. For a complete three-dimensional outline of the cysts, more sections in the area of interest were then stained (every 2nd or 3rd glass slide) until the entire cyst was serially imaged. The relative distribution of cysts in each molar was examined by recording the number of cysts in 3 selected areas: mesial, central and distal cusps ( fig. 1 ).
Scoring of White Spots and Pits in Post-Eruptive Stages
Teeth were collected at postnatal day 12, immediately after eruption of the first molars while pups were still weaning (day 8 after injection), so as to minimize the chance that pits could be formed post-eruptively in hypomineralized areas with intact surfaces. Mandibles and maxillae were fixed as described above and stored in 70% ethanol. The mucosa of one hemi-mandible and one hemi-maxilla was removed as much as possible, and the molars were cleaned with special care not to damage the surface and then examined at 10 ! magnification under a stereomicroscope.
Defects in enamel of the first molars from one hemi-mandible and one hemi-maxilla were examined in two ways. First, a visual examination was performed under white light using a stereomicroscope (Nikon SMZ-10) where changes in smoothness and texture of the enamel surface were examined at 10 ! magnification. The molars were first scored moist to locate any surface irregularities, pits, depressions or white spots. The molars were then air-dried with compressed air and scored again. Second, the molars were examined by quantitative light-induced fluorescence (QLF, Clinical Inspector Research Systems BV) using monochromatic blue light of 404 nm wavelength [Pretty et al., 2006] . Micro-graphs were taken with a Zeiss Stemi SV6 microscope at 32 ! magnification. Post-eruptive changes in the enamel surface were scored separately (see fig 1 a, c) , including the mesial, central and distal cuspal areas, at either the anterior, posterior, labial or lingual sides of the teeth.
Calculations and Statistics
The data were calculated for each pup, per molar or per surface area, and averaged. The averaged data were used to calculate means and standard deviation (SD) for each treatment group. Student's t test (two-tailed, unpaired), rank sum test and ANOVA were used to calculate statistical significance between the control and experimental groups at p ! 0.05.
Results
There were no significant differences between the body weights of NaF-injected and NaCl-injected pups at the end of the experiments. All pups, injected at postnatal day 4 with NaF (either 20 or 40 mg/kg b.w.) and sacrificed 1 day later for histological examination, had first molars with sub-ameloblastic cysts formed by groups of ameloblasts in the early secretory (lower half of the cusps) or late secretory stage (upper half of the cusps) of enamel formation. In the cyst areas, ameloblasts were detached from the enamel surface but still formed an intact layer ( fig. 1 b) . The enamel surface below the cysts was always highly hypermineralized. No cysts were found in any of the pups injected with NaCl.
We compared the scoring methods used to detect white spots (wet or dry, by conventional visual inspection using white light) ( fig. 2 ) . We found that when tooth surfaces were examined wet, no white spots were visualized. However, when tooth surfaces were scored dry, chalkywhite areas became apparent in the F groups. Under white light, a total of 56 white spots was counted (20 and 40 mg F/kg b.w. combined). Similar values (62 white spots) were scored using QLF, and there were no statistically significant differences between scoring using white light or blue laser light. Analyses using white light were simpler to complete and, therefore, we used visual inspection with white light under dry conditions for the remainder of the analyses. Visual inspection of the newly erupted first molars 8 days after injection showed that white spots were present in the molars of all F-injected pups (n = 8). Molars of pups receiving NaCl (n = 6) had no white spots.
In pups that received 20 mg NaF/kg b.w. and were examined 8 days later, a total of 21 white spots was counted in the newly erupted first molars, with no significant difference between upper and lower molars. The average number of spots per molar was 2.5 (SD: 0.6) for upper molars and 2.7 (SD: 0.9) for lower molars. After injection of 40 mg NaF/kg b.w., a total of 35 white spots was counted, and the average number of white spots per molar increased to 4.7 (SD: 2.5) for upper molars and 4.0 (SD: 1.1) for lower molars.
Enamel pits did not form at the lower dose of F. At the higher dose of F, however, an average of almost 2 pits per molar was recorded (mean 1.9 pits per molar, SD: 1.5; p ! 0.05), with no difference between upper and lower first molars.
We then determined whether the number of white spots seen 8 days after injection with 20 mg NaF/kg b.w. corresponded to the number of cysts seen at that location in histological sections 24 h after injection. Mandibular first molars of pups injected with 20 mg NaF/kg b.w. formed 1.3 (SD: 0.6) cysts per molar in the lower half of the cusps, below early secretory ameloblasts at the cervical loop area, and 1.7 (SD: 2.8) cysts per molar were found below transitional ameloblasts in the upper half of the cusps. Immediately after eruption, no white spots were found in the lower half of the cusps, but 2.7 (SD: 0.9) white spots per molar were found in the upper half.
Finally, we examined whether the white spots and pits were randomly distributed over the various enamel surfaces or whether they developed in preferential locations ( fig. 3 ). There was a preference to form almost twice as many white spots at the lingual surfaces than at the buccal surfaces (p ! 0.05), with few spots at the anterior (mesial) surface ( fig. 3 ) . There was also a preference to develop more white spots (p ! 0.05) and pits in the distal cuspal pair than in the mesial pair ( fig. 3 ). This effect was seen in particular in the lower first molars, but less so in the upper first molars (data not shown).
Discussion
Treatment with F did not affect the overall growth, i.e. gain in body weight, of the experimental animals as compared to controls, suggesting a specific effect on enamel formation rather than a systemic effect. Our findings show that a single high dose of F can induce the formation , c ) , and in e , a large pit is indicated by white arrowheads. Note that around the pit defect, the enamel surface is opaque white (white arrows). Fig. 3 . The distribution of white spots (percentages in black) and pits (percentages in grey) over the various enamel surfaces show a preference for spots to form in lingual/palatal surfaces as compared to vestibular/labial surfaces (p ! 0.05) and in the pair of distal cusps compared to mesial cusps (p ! 0.05). The calculations were made from the collective data from upper and lower molars, treated with 20 and 40 mg NaF/kg b.w. Cumulative number of white spots: n = 56. Cumulative number of pits: n = 15.
of enamel pits in hamster molars even before the tooth has erupted into the oral cavity. Since the molars were examined soon after eruption when pups were not yet completely weaned, it is unlikely that pits had formed from white spots turning into pits by the collapse of fluorotic subsurface porosities due to mastication on solid food particles.
The dose of F required to induce pre-eruptive formation of enamel pits was relatively high (40 mg NaF/kg b.w.). In 6-day-old neonatal rats, this F dose results in a short-lasting plasma peak level of 1.7 m M F [Larsen et al., 1981] . Such high plasma peak levels are highly toxic in man and normally are unlikely to occur. In mini pigs, hypoplastic pit formation was reported to occur at much lower F levels (2 or 0.9 mg F/kg b.w. given orally in food) over an extended period of time (1 year) [Kierdorf et al., 2004] . In sheep, a daily dose of 0.2 or 0.5 mg F/kg b.w. for 6 months induced white opacities, while an oral daily dose of 2 or 6 mg F/kg for 21 days caused formation of hypoplastic lesions [Nelson et al., 1989] . These studies show that the formation of enamel opacities or pits secondary to F exposure is related to the dose and duration of exposure in each particular species.
One interesting finding was that even though F induced cyst formation in both the early secretory stage and late secretory/transition stage of ameloblast differentiation, white spots only formed under the late secretory ameloblasts. Hence, the cysts in the cervical loop region apparently did not result in the formation of white spots. It is possible that defects in the cervical loop area are repaired by newly differentiated ameloblasts. However, it is also possible that these early formed defects are buried in progressively deeper layers of enamel, resulting in the eventual formation of a sound enamel surface. Later formed defects would remain visible as they occur closer to the final enamel surface layer.
There was a tendency for the upper half of the cusps to develop more white spots than cysts had formed, suggesting that other mechanisms different from cyst formation may also lead to the development of fluorotic white spots. This is consistent with reports that subsurface mineralization defects in incisor enamel can develop without overt cyst formation in rats exposed to fluoridated drinking water or following a single injection of low doses of F Whitford, 1982, 1984; DenBesten et al., 1985; Ishii and Suckling, 1986; Richards et al., 1986] . The location of these additional white spots in the upper half of the cusps indicates an effect at the transition stage of enamel formation, possibly related to changes in the modulation patterns of early maturation ameloblasts [DenBesten et al., 1985; Richards et al., 1986; Smith et al., 1993] .
Fluorotic white spots and pits formed preferentially in the lingual/palatal surfaces. These results are consistent with the observation that, in man, more fluorotic changes are seen in the lingual surfaces of the molars and premolars of the maxilla, while the mandibular teeth show a tendency for more severe fluorotic changes in their buccal surfaces [Thylstrup and Fejerskov, 1978] . The reason for this difference is unknown but may be due to differences in the developmental stage of the ameloblasts at different sites of the cusps. In rodents, morphodifferentiation in lower molars is slightly more advanced than in the upper molars. In addition, in hamster molar tooth germs, the central cusps develop earlier than the distal and mesial ones.
In conclusion, these studies have shown that F-induced sub-ameloblastic cysts formed below late secretory and transitional ameloblasts can result in the formation of fluorotic white spots or subsurface porosities with intact surfaces. Formation of enamel pits (or local hypoplastic enamel) in hamsters before eruption into the oral cavity can occur, but only at high F doses. These results suggest that pit formation is related to a localized F-related damage to ameloblasts occurring at the transition stage of enamel formation.
